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SUREOHP ,Q WKLV SDSHU ZH LQYHVWLJDWHG WKH UHVSRQVH RI D IODJ LQ IORZ ZLWK DQ
H[WHUQDOO\IRUFHGYLEUDWLRQE\XVLQJIOH[LEOHILODPHQWVDQGVRDSILOP([SHULPHQWV
VKRZWKDWIRUDILODPHQWWKDWLVHLWKHULQRVFLOODWLRQRUVWDWLRQDU\WKHH[WHUQDOIRUFHG
YLEUDWLRQ OHDGV WR LWV RVFLOODWLRQ $ V\QFKURQL]DWLRQ SKHQRPHQRQ RFFXUV LQ WKH
H[SHULPHQWV$VPDOOSHUWXUEDWLRQOHDGVWRDODUJHUHVSRQVHRIIODSSLQJDPSOLWXGHLQ
UHVSRQVH7KHLQVLJKWSURYLGHGKHUHLVKHOSIXOWRWKHDSSOLFDWLRQVLQWKHIORZFRQWURO




GDLO\ OLIHDQG LQGXVWU\VXFKDVD IODJIODSSLQJ LQ WKHZLQGVQRULQJFDXVHGE\ WKHVRIWSDODWH LQ
KXPDQDLUZD\DQGWKHIOXWWHURIDQHZVSDSHUGXULQJLWVSULQWLQJSURFHVV7KHVHSKHQRPHQDRFFXU
ZKHQ D IOH[LEOH SODWH VWUXFWXUH ORVHV LWV LQVWDELOLW\ LQ IORZ ,Q UHFHQW \HDUV H[WUDFWLQJ ZLQG RU
K\GUDXOLFHQHUJ\IURPDIOH[LEOHPHPEUDQHYLEUDWLRQKDVEHFRPHDQHZZD\WRKDUYHVWUHQHZDEOH
HQHUJ\'XHWRLWVWKHRUHWLFDODQGSUDFWLFDOVLJQLILFDQFHWKHIODSSLQJRIDSODWHLQIOXLGIORZKDV











ZDV FRQVLGHUHG WREH D ORFDOSKHQRPHQRQ DQGYRUWH[ ZDNH ZDV QRW LQYROYHG7KHLU WKHRUHWLFDO
DQDO\VLVUHYHDOHGWKDWWKHV\VWHP¶VLQVWDELOLW\LVFRQWUROOHGE\WZRGLPHQVLRQOHVVSDUDPHWHUVLH
GLPHQVLRQOHVVGHQVLW\6DQGGLPHQVLRQOHVVYHORFLW\8'HSHQGLQJRQWKHSDUWLFXODUYDOXHVRI6



























H[DPLQHG D IOH[LEOH KHDYLQJ ZLQJ RQ LWV SURSXOVLYH SHUIRUPDQFH QXPHULFDOO\ DQG IRXQG WKDW D
UHVRQDQFH SKHQRPHQRQ RFFXUV ZKHQ WKH IRUFHG H[WHUQDO RVFLOODWLQJ IUHTXHQF\ ZDV HTXDO WR WKH
QDWXUDOIUHTXHQF\RIWKHV\VWHP)XUWKHULQYHVWLJDWLRQE\0DQHODRQDWKLQHODVWLFSODWHG\QDPLF
UHVSRQVH WR DQ H[WHUQDO H[FLWDWLRQ LOOXVWUDWHG WKDW D UHVRQDQFH PRWLRQ ZDV H[FLWHG DW WKH SODWH¶V
HLJHQPRGH ZKHQ WKH IRUFLQJ VLJQDO FRQWDLQHG DQ HLJHQIUHTXHQF\ 7KH QRQOLQHDU HIIHFWV DUH
DGGUHVVHGE\&DVWURHWDOH[SHULPHQWDOO\DQGWKHRUHWLFDOO\IRUDSHULRGLFDOO\IRUFHGFDQWLOHYHUHG
SODWH LPPHUVHG LQ D VWLOO IOXLG $OEHQ HW DO DQG 5DPDQDQDULYR *RGR\'LDQD DQG 7KLULD
LQYHVWLJDWHGWKHSURSXOVLRQSHUIRUPDQFHRIDVHOISURSHOOHGIODJZLWKDORFDODFWXDWRUDWLWVOHDGLQJ
HGJH7KH SURSXOVLYH HIILFLHQF\ LV IRXQG WR EH LQIOXHQFHG E\ WKH IODJ¶V OHQJWK ULJLGLW\ DQG WKH
GLVVLSDWLRQ RI HQHUJ\ DORQJ WKH IODJ¶V ERG\ 7KHVH VWXGLHV UHYHDO WKDW WKH G\QDPLF RI D IODJ LV
LQIOXHQFHGE\WKHH[WHUQDOPRWLRQDQGIRUFHDQGHVWDEOLVKHGDV\VWHPUHVRQDQWZKHQWKHH[WHUQDO
IRUFHIUHTXHQF\DQGV\VWHPHLJHQIUHTXHQFLHVEHFRPHFORVH 
7KH VWXGLHV RI IODJV¶ IODSSLQJ LQ IORZ DUH UHPLQLVFHQW RI WKH F\OLQGHUV¶ RVFLOODWLRQ LQ IORZ
:LOOLDPVRQ DQG *RYDUGKDQUHYLHZHG WKH IUHH DQG IRUFHG YLEUDWLRQ RI D F\OLQGHU ,Q WKH IUHH
YLEUDWLRQVWXGLHVRIDF\OLQGHUDULJLGF\OLQGHUZDVPRXQWHGHODVWLFDOO\ZKLOHEHLQJUHVWUDLQHGWR
PRYH WUDQVYHUVHO\ WR WKHIORZ7KHYRUWH[ LQGXFHGYLEUDWLRQ9,9RI WKHF\OLQGHU LVD IHHGEDFN
SURFHVVEHWZHHQWKHERG\PRWLRQDQGYRUWH[PRWLRQ2QFHWKHIUHTXHQF\RIWKHYRUWH[VKHGGLQJ
LQWKHF\OLQGHUZDNHDSSURDFKHVWKHQDWXUDOIUHTXHQF\RIWKHIOH[LEOHPRXQWHGULJLGF\OLQGHUWKH
XQVWHDG\ OLIW IRUFH FDXVHV DQ LQFUHDVHG DPSOLWXGH RI WKH PRWLRQ YLD D VWDQGDUG UHVRQDQFH
SKHQRPHQRQ7KHF\OLQGHUZDNHLVWKHQDIIHFWHGE\WKHHQKDQFHGDPSOLWXGHDQGIRUFHGWRPRYHDW
WKHQDWXUDOIUHTXHQF\RIWKHF\OLQGHU 





LQ VWDWH LQ ZKLFK WKH IORZ PRWLRQ DQG IRUFH UHVSRQVH FRQWDLQ PXOWLSOH FRPSRQHQWV DW ERWK WKH
RVFLOODWLRQ IUHTXHQF\ DQG WKH YRUWH[ VKHGGLQJ IUHTXHQF\ 5HFHQW VWXGLHV FRQVLGHU WKH IRUFHG
YLEUDWLRQRIDF\OLQGHUDVRQHDSSURDFKWRXQGHUVWDQGLQJDQGSUHGLFWLQJWKHYRUWH[LQGXFHGYLEUDWLRQ













7KHZDNH LQVWDELOLW\RIDF\OLQGHUH[LVWVHYHQZKHQ WKHF\OLQGHU LV IL[HG+RZHYHU LQ WKHRQVHW
SUREOHPRIDIODJIODSSLQJWKHVWXG\E\6KHOOH\9DQGHQEHUJKHDQG=KDQJVKRZVWKDWWKHLQVWDELOLW\
RIDIODJFDQEHFRQVLGHUHGDVDORFDOSKHQRPHQRQZLWKRXWFRQVLGHULQJWKHHIIHFWRIYRUWH[VKHGGLQJ









WZR LQLWLDO VWDWHV LH D VWUHWFKHGVWUDLJKW VWDWHDQGDQRVFLOODWLQJVWDWH2XUPDLQREMHFWLYH LV WR































ORFRPRWLRQ ZLWKGLIIHUHQW H[WHUQDO IRUFLQJ IUHTXHQFLHV7KH WUDMHFWRULHVRI WKH ILODPHQW¶V WUDLOLQJ
HGJHDUHDOVRJLYHQLQWKHILJXUH7KHOHQJWKRIWKHILODPHQW/ PPDQGWKHIORZVSHHG9  



























LL ,Q )LJXUH ELL GRPLQDQW IUHTXHQF\ FRPSRQHQWV DUH ODEHOHG DV I I DQG I7KH SULPDU\
IUHTXHQF\FRPSRQHQWLVI IWKHVHFRQGDU\IUHTXHQF\FRPSRQHQWLVI )SDQGWKHWKLUG 
 
),*)ODSSLQJRIDILODPHQWZLWKGLIIHUHQWH[WHUQDOIRUFHGYLEUDWLRQIUHTXHQFLHV)ORZVSHHG9 PVILODPHQWOHQJWK 
/ PPD)UHHIODSSLQJRIWKHILODPHQWDWDIUHTXHQF\I +]E7KHH[WHUQDOIRUFHGYLEUDWLRQIUHTXHQF\ 
)S +]F)S +],QHDFKVXESORWWKHRYHUODSSLQJRIWKHILODPHQWLQWKUHHF\FOHVLVVKRZQLQWKHFHQWHURQWKHULJKW
RIWKHRYHUODSSHGILODPHQWVLVWKHWUDMHFWRU\RIWKHILODPHQW¶VWUDLOLQJHGJH 








)S +]F)S +] 
IUHTXHQF\ FRPSRQHQW LV D FRPELQDWLRQ RI I DQG I I   I í I ,Q )LJXUH FLL WKH SULPDU\
IUHTXHQF\FRPSRQHQWLVI )S 
:H FDUULHG RXW D IUHTXHQF\ DQDO\VLV IRU DOO WKH H[SHULPHQWDO GDWD RI WKH ILODPHQWV ZLWK DQ
H[WHUQDOIRUFHGYLEUDWLRQXVLQJWKH))7PHWKRG7KHUHVXOWVKRZHGWKDWWKHUHVSRQVHFRQVLVWHGRI
WZRPDMRU IUHTXHQF\FRPSRQHQWV IDQG IZKLFKDUHHTXDO WR WKH IUHHIODSSLQJ IUHTXHQF\ IDQG

















$ ĳ $S IRU)LJXUHD$ ĳ $S ĳS IRU)LJXUH




   















   
7DNLQJWKHILODPHQWOHQJWK/DVDUHIHUHQFHOHQJWKDQGFRQVLGHULQJDVRDSILOPZLWKDZLGWK/
SDVVHVWKHILODPHQWWKHIOXLGNLQHPDWLFHQHUJ\LVH[SUHVVHGDV 
















E WKHUH DUH WZR PDMRU IODSSLQJ IUHTXHQFLHV DQG WKH DPSOLWXGHRI WKH ILODPHQW¶V WUDLOLQJ HGJH
FKDQJHVIURPF\FOHWRF\FOH+HUHWKHSULPDU\IUHTXHQF\FRPSRQHQWZKLFKKDVODUJHU 
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    
 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    





















































$IUHTXHQF\ ORFNLQSKHQRPHQRQLVFOHDUO\VKRZQLQ)LJXUHD:LWKLQ WKH ORFNLQUHJLPH




RU ORFNLQ SKHQRPHQD LQ WKH IUHH RVFLOODWLRQ RI D F\OLQGHU 9,9 ,Q D FODVVLFDO V\QFKURQL]DWLRQ
SKHQRPHQRQLQ9,9WKHUHLVDUHVRQDQFHEHWZHHQWKHYRUWH[VKHGGLQJIUHTXHQF\DQGWKHQDWXUDO
IUHTXHQF\RIWKHHODVWLFDOO\PRXQWHGULJLGF\OLQGHU7KHIRUFLQJIUHTXHQF\JHQHUDWHGE\YRUWLFHV
LV ORFNHG WR WKHF\OLQGHU¶VQDWXUDO IUHTXHQF\7KHUHVRQDQFH LVFHQWHUHGE\ WKHF\OLQGHU¶VQDWXUDO
IUHTXHQF\,QERWKRIWKH9,9SUREOHPDQGSUHVHQWVWXG\WKHUHVRQDQFHUHJLPHVDUHFHQWHUHGE\WKH
VWUXFWXUHV¶QDWXUDOIUHTXHQFLHV+RZHYHULQWKHSUHVHQWVWXG\DIRUFHGYLEUDWLRQLVDSSOLHGWRWKH
OHDGLQJHGJHRI WKHILODPHQWH[WHUQDOO\7KHH[WHUQDO IRUFHGYLEUDWLRQZLOOQRWEHDIIHFWHGE\ WKH
PRWLRQRIWKHILODPHQWDQGIOXLG,QWKHUHVRQDQFHWKHILODPHQWFKDQJHVLWVIODSSLQJIUHTXHQF\WR
UHVRQDWH WKHSHUWXUEDWLRQIUHTXHQF\RQFH WZR IUHTXHQFLHVEHFRPHFORVH%\FRQWUDVW WKH ORFNLQ
SKHQRPHQRQ VWXGLHG KHUH LV YHU\ VLPLODU WR WKH ORFNLQ SKHQRPHQD LQ WKH IRUFHG YLEUDWLRQ RI D
F\OLQGHU ,Q WKH ORFNLQUHJLPHRI WKHIRUFHGYLEUDWLRQRIDF\OLQGHU WKHYRUWH[VKHGGLQJSURFHVV
FROODSVHVRQWRWKHF\OLQGHU¶VIRUFHGYLEUDWLRQIUHTXHQF\+HUHLQWKHORFNLQUHJLPHWKHILODPHQW¶V
IUHH IODSSLQJ IUHTXHQF\ FRPSRQHQW GLVDSSHDUV OHDYLQJ RQO\ WKH IRUFHG YLEUDWLRQ IUHTXHQF\
FRPSRQHQW 
























:H FDOFXODWHG WKH DPSOLWXGHV RI WZR IUHTXHQF\ FRPSRQHQWV $ DQG $S WR LQYHVWLJDWH WKHLU
FRQWULEXWLRQVWRWKHDPSOLWXGH)LJXUHVKRZVWKHYDULDWLRQVRI$DQG$S$SLQFUHDVHVDVWKHH[WHUQDO
IRUFLQJ IUHTXHQF\ LQFUHDVHV WR DSSURDFK WKH IUHH IODSSLQJ IUHTXHQF\ I ,W UHDFKHV LWV SHDN DW )
UHVSHFWLYHO\,WWKHQGHFUHDVHVDOPRVWOLQHDUO\XQWLOWKHILODPHQWH[LWVWKH


















































YLEUDWLRQ DPSOLWXGH KHUHLQ LV / 7KH GRWWHG OLQH LQ )LJXUH LLL GHQRWHV WKH SRVLWLRQ RI WKH
VXEFULWLFDO IUHTXHQF\)LJXUH D LV WKHUHVXOWZLWKDQH[WHUQDO IRUFLQJ IUHTXHQF\)S +] ,Q
)LJXUHDLLLIRXUSHDNVDUHREVHUYHGIURPWKH))7DQDO\VLVI )SI IVXEI IDQGI I
,QFRQWUDVW WR)LJXUH DLLL WKH UHVXOWZLWKDQH[WHUQDO IRUFLQJ IUHTXHQF\ )S +]VKRZQ LQ
)LJXUH ELLL LQGLFDWHV WKH H[LVWHQFH RI RQO\ RQH IUHTXHQF\ FRPSRQHQW LH I  )S ZKLOH WKH



















IODSSLQJIUHTXHQF\IVXED)S +]E)S +] 
FDVH$KHUHWKHIUHTXHQF\FRPSRQHQWZKLFKLVHTXDOWRWKHIRUFHGYLEUDWLRQIUHTXHQF\)SLVDOZD\V
GRPLQDQW7KHIODSSLQJDPSOLWXGHVKRZQLQ)LJXUHESUHVHQWVDQLQFUHDVHGWUHQGRI$כIRU) 




















IDU ILHOG IURP WKH IRLO YRUWLFHV DUH SUHVHQWHG LQ SDLUV ZLWK RSSRVLWH URWDWLQJ GLUHFWLRQV7KH OLIW
JHQHUDWHGE\WKHPLVFDQFHOHGE\HDFKRWKHU7KLVOHDYHVRQO\WKHOLIWJHQHUDWHGE\WKHPRVWUHFHQWO\
VKHGYRUWLFHVLHWKHOLIWLVGHWHUPLQHGE\WKHODVWVKHGYRUWLFHVDQGWKHLUPRYLQJVSHHGDQGGLVWDQFH
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YDOXH FDQQRW EH XVHG WR TXDQWLWDWLYHO\ PHDVXUH WKH NLQHWLF HQHUJ\ H[FKDQJH EHWZHHQ IOXLG DQG
VWUXFWXUH,WSURYLGHVDTXDOLWDWLYHZD\WRHYDOXDWHWKHHQHUJ\H[FKDQJH7KHH[WHQWRIWKHH[WUDFWHG




SHULRGLFGLVWXUEDQFHSOD\VD³EULQJLQJDKHDY\ ILVWRXWRID OLJKWRQH´ UROH LQ WKH V\VWHPHQHUJ\
H[WUDFWLRQ7KLVLGHDFRXOGEHEHQHILFLDOIRUH[SORULQJDQGGHVLJQLQJVRPHUHQHZDEOHHQHUJ\GHYLFHV
EDVHGRQDIOH[LEOHRVFLOODWLQJPRWLRQ 
7KH H[SHULPHQWDO VHWWLQJ LQ WKHSUHVHQW VWXG\ LV VLPLODU WR WKH VWXGLHVRQ D IRUFHGYLEUDWLQJ
F\OLQGHU,QWKHVHVWXGLHVDORFNLQUHJLPHZDVIRXQGLQWKHPLGGOHRIWZRQRQORFNLQUHJLPHV
,QWKHQRQORFNLQVWDWHWKHGRPLQDQWIUHTXHQF\FRPSRQHQWLQWKHZDNHRIWKHF\OLQGHULVHTXDOWR




IUHTXHQF\ ZDV IDU DZD\ IURP WKH ILODPHQW¶V IUHH IODSSLQJ IUHTXHQF\+RZHYHU ZKHQ WKH IRUFHG
YLEUDWLRQ IUHTXHQF\ EHFDPH FORVH WR WKH ORFNLQ UHJLPH WKH IRUFHG YLEUDWLRQ IUHTXHQF\ ZDV
GRPLQDQW0RUHRYHULQFDVH%WKHIRUFHGYLEUDWLRQIUHTXHQF\FRPSRQHQWDOZD\VGRPLQDWHGLQWKH
UHVSRQVH 2XU VWXG\ DOVR VKRZV WKH HIIHFWLYHQHVV RI DQ DFWLYH YLEUDWLRQ FRQWURO WR HQKDQFH WKH
IODSSLQJRIDILODPHQW,QWKHH[LVWLQJVWXGLHVRIDIRUFHGYLEUDWLQJF\OLQGHUOLIWDQGGUDJZHUH
FRPPRQO\ FRPSDUHG ZLWK WKDW RI D IUHHYLEUDWLQJ F\OLQGHU+RZHYHU LQRXU VWXG\RQ WKH IRUFHG
YLEUDWLRQ RI D IODJ XVLQJ D ILODPHQW LQ D VRDS ILOP WKH IRUFH PHDVXUHPHQW LV KDUG WR SHUIRUP
HVSHFLDOO\ZLWKWKHXQVWHDG\PRYHPHQWRIWKHILODPHQW¶VOHDGLQJHGJH7KHFRPSDULVRQRIIRUFHVLQ
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